Pollination ecology of Quercus is influenced by meteorological, biotic and genetic factors. This study was undertaken to ascertain the effect induced by these factors on pollen production, release and dispersion. Aerobiological data have been used in recent years as phenological information, because the presence of pollen in the air is the result of flowering across a wide area. The onset of the Quercus pollen season and the atmospheric pollen concentrations during the pollination period in two localities of north-west Spain (Ourense and Santiago) were determined from 1993 to 2001. There were important variations in total annual pollen as a result of meteorological conditions, lenticular galls produced by Neuropterus on catkins and biennial genetic rhythms of pollen production. In order to determine the beginning of flowering, a thermal time model has been used. Chill requirements were around 800 chilling hours (CH) and heat requirements were 953 growth degree days (GDD in ∞ C) in Santiago and 586 GDD in Ourense. Pollen in the air show positive correlation (99% significance) with daily thermal oscillation, maximum and minimum temperatures, and hours of sunshine. Regression analysis with previous days' pollen concentrations explained the high percentage of pollen concentration variability, as meteorological variables do not, on their own, explain pollen production and release.
INTRODUCTION
Oak is the dominant tree in many of Europe's deciduous forests. In the regions of north-west Spain Quercus robur L. is the species that occupies the greatest geographical area. In Galicia, there are also Q. pyrenaica Willd. and, to a much more limited extent, Q. ilex ssp. ballota (Desf.) Samp. In Bol. and Q. suber L. Ornamental cultivation of American oak species: Q. rubra L. and Q. palustris Muenchn also occurs.
Quercus pollen production is very high and varies according to species, oscillating between 1.9 ¥ 10 4 and 1.3 ¥ 10 6 pollen grains per flower (Moore & Webb, 1978; Tormo et al ., 1996) . Its pollen has been cited as a moderate pollinosis agent in many European areas (Lewis, Vinay & Zenger, 1983) , especially in areas where its atmospheric concentration is high (Ickovic & Thibaudon, 1991) . In north-west Spain between 4% and 12% skin sensitization to Quercus pollen is detected among pollinosis sufferers (Belmonte, Roure & March, 1998; Dopazo, 2001 ). Symptoms frequently occur over long periods owing to the overlapping of flowering in the different species and their related reactivity with the pollen of Alnus, Betula, Castanea, Olea and Poaceae (Ickovic & Thibaudon, 1991) .
In addition to Quercus pollen's importance as a pollinosis agent, its study is also essential for evaluating the ecological conservation of Spain's woodlands. Possible changes in the distribution of oak due to hotter spring temperatures in recent years (Emberlin et al ., 1997; Corden & Millington, 1999) are of great economic importance to the timber and livestock industries. Furthermore, in some areas Quercus fruit are eaten during the seasonal breeding of certain native species of animals (Cecich & Sullivan, 1999; GarciaMozo et al ., 2002) .
Temperature is the factor that exerts the clearest influence on the onset of flowering, especially in temperate tree species that flower at the beginning of spring. Knowledge of the chilling and warming required by plants to overcome the winter period of dormancy enables us to determine the onset of pollination, which is of great importance to allergic individuals (Richardson, Schuyler & Walker, 1974; Faust, 1989; Frenguelli & Bricchi, 1998; Jato et al ., 2000) . As pollen in the air results from flowering, aerobiological data have been used in recent years as phenological information in order to calculate chilling and heat requirement (Frenguelli & Bricchi, 1998; Rodríguez-Rajo, Méndez & Jato, 2000b , 2003 Garcia-Mozo et al ., 2002; Jato et al ., 2002) . During flowering, meteorological factors such as hours of sunshine, temperature, rainfall and relative humidity determine the opening of the anthers, while wind determines the dispersion of pollen into the atmosphere (Frenguelli et al ., 1992; Bricchi et al ., 1995) . In general, pollen-prediction models are based on the correlation of pollen levels with the aforementioned meteorological variables (Ljungkvist, Bringfelt & Fredriksson, 1977; Tormo et al ., 2001) , developing linear regression equations with greater prediction capacity (Spieksma et al ., 1989; Norris-Hill & Emberlin, 1991; Norris-Hill, 1995; Jato et al ., 2000) .
The objective of this paper is to ascertain the pollination ecology of an anemophilous genus studying the influence of the main meteorological parameters on the aerobiology of this pollen. Genetic and biotic factors are also considered. Seasonal and daily behaviour of atmospheric concentrations of Quercus pollen and prediction models are established in order to determine the timing of the Quercus pollen season and its resulting concentrations in air at two localities in north-west Spain.
MATERIAL AND METHODS
Ourense and Santiago de Compostela are located in north-west Spain (Fig. 1) . Ourense has an ombrothermic dry and warm climate, with an annual mean temperature of 14 ∞ C, an average minimum temperature of 9.2 ∞ C, an average maximum temperature of 18.9 ∞ C and an annual total precipitation of 772 mm (Carballeira et al ., 1983) . The city of Santiago de Compostela has a temperate subdry climate, with an annual mean temperature of 12.9 ∞ C, an average minimum temperature of 8.8 ∞ C, and an average maximum temperature of 17.1 ∞ C. The total annual rainfall is 1288 mm. From a biogeographical point of view, Santiago de Compostela is located in the Eurosiberian region, Cantabrian-Atlantic region, while Ourense is located in the Mediterranean region, Carpetan-Iberian-Lionese region (Rivas Martínez, 1987) .
Monitoring was carried out by means of two LAN-ZONI VPPS 2000 pollen traps (Hirst, 1952) 
Santiago de Compostela
during the different stages of development of the male catkins: once a week during the stages previous to flowering and twice a week during pollination. Pollen grains were counted following the model proposed by the Spanish Aerobiological Network (R.E.A.), based on four longitudinal transects along the slides (Domínguez et al ., 1992) . The methods described by Andersen (1991) , Nilsson & Persson (1981) and Galán et al . (1995) were taken into account to obtain the main pollen season. We used the first of such, which includes 95% of the total pollen collected, eliminating the initial period until 2.5% is attained and the final period once 97.5% has been attained, because it had the lowest standard deviation coefficient.
In order to obtain a model reflecting the fluctuation of the pollen concentration throughout the day, we followed the model proposed by Galán et al . (1991) , which selects those days on which the pollen concentration is greater than the mean of the main pollen season and considering only the days without rainfall. The resulting days were used to calculate the mean concentration every two hours, thereafter expressing the data as percentages.
Spearman's correlation test was used to find a possible correlation between Quercus pollen concentrations and the main meteorological factors: rainfall (mm), relative humidity (%), hours of sunshine (hours), maximum, minimum and mean temperatures ( ∞ C), thermal oscillation as the difference between the maximum and minimum daily temperatures ( ∞ C), wind direction (%) and wind speed (ms -1 ). Furthermore, in the cases of temperature, thermal oscillation and hours of sunshine, we used their accumulated sums corresponding to one and two days. The prepeak period was defined as the period from the first day of the pollen season until the day of maximum pollen counts. Weather data were supplied by the National Institute of Meteorology, from a station located 100 m from the sampling point.
Chill and heat requirements to overcome dormancy were estimated in order to determine the date of the start of Quercus flowering. In order to determine the chilling requirement, we chose a thermal time using the model proposed by Aron (1983) . In this method the accumulation of chilling hours between 0 and 7.2 ∞ C is calculated considering the maximum and minimum temperatures and the length of the chilling period:
where CH is the number of chilling hours during the period, Ti min and Ti max are, respectively, the average of minimum and maximum temperatures during the period considered, D is the number of the days of the same period, and threshold is the threshold temperature considered. We used this model to select the chilling period with two different criteria. The first took into account the period from the day when mean temperature decreased below threshold temperature, to the day (in the first half of January) when the minimum was recorded and a change in temperature trend was recorded (Aron, 1983) . The second selected those days in which meteorological conditions did not allow any physiological activity in the tree during the same period (Jato et al ., 2002) . That happens when daily maximum temperature was equal to or less than the threshold temperature (Montero & González, 1983) .
Heat requirements (HR) expressed as growth degree days (GDD in ∞ C) were calculated as a function of the sum of the daily maximum temperatures from the end of chilling period to the beginning of pollen season: HR = S T max , and finally as a function of sum of the difference between the daily maximum temperature and the threshold temperatures:
Different threshold temperatures (5.5, 6, 6.5, 7, 7.5, 8, 9, 10 , 11 ∞ C) were tested for chilling and heat requirements, and the lowest standard deviation and coefficient of variation were used to identify the most adequate threshold temperature both in chilling and forcing temperatures period.
Finally, we tried to find out the effect of meteorological factors on Quercus pollen dispersion via predicting pollen concentrations applying linear regression studies, using as pollen concentration estimators the meteorological variables with the highest positive correlation coefficients.
We applied Scheffé's test to study the homogeneity of the populations under study, and thus identify the presence of anomalous years, which were out of line with general behaviour and which could produce alterations to the proposed prediction models. The analysis was carried out taking into account different meteorological parameters throughout the years under study.
RESULTS
Quercus pollen is present in the atmosphere of the studied localities during the spring months, mainly in March and April. The pollen season is long, with average durations of 70 and 80 days, respectively, in Santiago de Compostela and Ourense (Table 1 ). The onset takes place almost simultaneously in both localities, generally during the second week of March (the mean date in both cities is 20 March).
The quantity of total pollen counted was highly variable, oscillating between 3333 and 1344 grains in Ourense and between 2153 and 182 in Santiago; 1995 had the highest annual total in both cities. The annual Table 1 . Characteristics of Quercus pollen season calculated according to the 2.5% method (Andersen, 1991) (Jato et al., 2002) .
Maximum concentration values were generally attained between the last week of March and the first fortnight of April. The highest value recorded in Ourense was 215 grains m -3 (17.iv.1996), while in Santiago it was 333 grains m -3 (12.iv.1995). Although the maximum value was higher in Santiago, the number of days on which the pollen of Quercus was present in the atmosphere in high concentrations was greater in Ourense, attaining 27 days with concentrations higher than 50 grains m -3 during 1995 and 1997. Figure 4 shows the model of behaviour throughout the day, calculated taking into account the mean bihourly value of the 9 years under study (Galán et al., 1991) . A general model is presented because the behaviour pattern was fairly constant throughout the study period, particularly in the case of Santiago. The concentrations rose noticeably starting from 13-14.00 hours until 17-18.00 hours, representing 35% and 45% of total daily pollen in Ourense and Santiago, respectively, during this time period. In the case of Santiago, a sharp decrease in the concentrations was detected from 17-18.00 hours while in Ourense concentrations remained stable until 01-02 hours. In both cities minimum pollen concentrations were registered during the night.
Spearman's correlation test of the mean daily values was used to establish the relationship between airborne pollen concentration and the main meteorological parameters. Table 2 summarizes the results obtained, showing the correlation coefficient for both cities over the entire 9-year study period. This value has been calculated taking into account the entire pollination period and the prepeak period, respectively. Table 2 . Correlation coefficients between Quercus pollen concentration and meterological parameters during the pollen season (Andersen, 1991) and prepeak period (from the start date of pollen season to the day of the peak value) considering the years altogether, and during the pollen season for each year (Spearman's coeffficient *95%, **99.9% significance). Accumulated values of one and two preceding days of thermal oscillation, temperatures and sun hours are considered Correlations were significant in a large number of cases, especially in Ourense. The signs of Spearman's coefficient were generally constant as well as the total and prepeak periods. We found a positive correlation with 99% significance for pollen concentration with daily thermal oscillation, maximum and minimum temperatures, hours of sunshine and when the wind was calm or blowing from the north-north-east. Correlation was negative with 99% significance with rainfall, relative humidity, minimum temperature, wind distance and south-south-west wind. Scheffé's test was carried out to ascertain whether the entire series of years for each city belonged to a single population or to identify anomalous years altering the general prediction models obtained (Table 3) . When the test is applied to the pollination period considering Quercus pollen values, the years 1995 and 1997 stand out as different in the case of Santiago, whereas only 1995 is different for Vigo (Table 3A) . With the rest of the parameters the population may be considered homogeneous. For their part, analysing the main meteorological parameters during the periods of chilling and heat accumulation prior to the onset of flowering, reveals significant differences in the case of maximum temperature during 1998 and 2002 only in Ourense (Table 3B) , and during 2001 in both cities for precipitation. The rest of the parameters indicate that all of the years behaved similarly.
We tried to predict the onset of flowering. In order to obtain the chilling accumulation expressed as 'chilling hours', we established the start date as the moment when the mean temperature descends below the considered threshold temperature (Rodríguez-Rajo, Frenguelli & Jato, 2003) . These conditions generally take place during November and the period of chilling accumulation continues until the first fortnight in January in both localities. The chilling requirements were similar (Table 4 ). The smallest standard deviation coefficient corresponded to a threshold temperature of 5.5 ∞C in Santiago and 6.5 ∞C in Ourense, with an average of 800 and 809 CH, respectively (Table 4 ). The threshold temperature of 5.5 ∞C in Ourense is consider to be inadequate because in four of the nine years (1995-96, 1997-98, 1999-2000, 2000-01) temperatures below this threshold were not attained.
Once the chilling requirements are attained, heat accumulation continues until the onset of flowering. Of the methods used to quantify the heat requirement, the sum of maximum temperatures presents the smallest standard deviation coefficient in both localities. In Ourense the smallest standard deviation was found with a threshold temperature of 8 ∞C (an average of 586 GDD were required for flowering), while in Santiago the use of threshold temperatures did not improve the result obtained for maximum temperature with 953 GDD (Table 4) . Nevertheless, the difference between the coefficient of variance values was low when threshold temperatures between 6 and 7 ∞C were used.
Finally, in order to determine pollen dispersion behaviour a linear regression analysis was carried out by using as independent variables those parameters most highly correlated with Quercus pollen concentrations. Of all models considered, the greatest percentage of pollen concentration variability was explained, in the case of Ourense, by the model that used as the prediction variable the sum of same-day and previousday thermal oscillation [expressed as Quercus = 0.0809 + (0.0791 thermal oscillation)]; in Santiago the same was true of the sum of same-day and previousday maximum temperature [Quercus = -2.26104 + (0.11456 maximum temperature)].
The previous day's pollen concentration was incorporated to improve the models. For Ourense:
.8953 pollen previous day)
For Santiago:
pollen previous day).
We tried to make a single model for both localities but this did not improve the predictions for each locality individually.
DISCUSSION
In north-west Spain the first Quercus species to flower is Q. robur, so the onset of the pollen season refers to this species. The pollination periods in the EuroSiberian region cover a large number of days due to important temperature variations and the overlapping of different species included in this pollen type. Such periods last longer in the rest of Spain as a result of the abundance of Q. ilex and Q. suber, a lateflowering species (Garcia-Mozo et al., 1999) . Figure 5A shows the start dates of the pollen season during the years under study, as well as the line indicating their trend. Despite the recorded oscillations, the global trend shows a negative slope, which indicates that the onset of the pollen season tended to begin progressively earlier in recent years. Other authors have described this phenomenon for Quercus in Spain (Garcia-Mozo et al., 2002) and northern Europe (Corden & Millington, 1999) , which may be attributed to the possible effect of the climate change that has become more evident in recent years.
As a consequence of the abundance of Quercus trees around Ourense, its pollen indices are higher than those of Santiago de Compostela. These values are generally similar to those recorded in nearby localities such as Vigo (Rodríguez-Rajo, 2000) or León (Fernández-Gonzalez et al., 1998) , only being exceeded by those in Lugo (Rodríguez-Rajo, Dopazo & Jato, 2000a) . In this regard, there are significant statistical differences between the pollen indices attained by Quercus in the Euro-Siberian region and those of the rest of Spain (Garcia-Mozo et al., 2002) . This pollen type is recorded in most of Spain, especially in Extremadura, where 66 000 pollen grains are attained in some years (Tavira et al., 1998) . As in southern Spain, the highest values are produced during the first fortnight in April, coinciding with the flowering of Quercus robur and Q. pyrenaica, which are the most abundant species in Galicia (Jato et al., 2002) . These concentration peaks are produced slightly later in certain Mediterranean areas owing to the abundance of cork oak. Throughout the study period there were important variations in total annual pollen in both cities, as a result of meteorological, biotic and genetic factors. The meteorological conditions in northern Spain, with abundant precipitation, produce atmospheric cleansing that considerably reduces pollen concentrations in the air during the months when Quercus is flowering. This effect is more evident in Santiago, where rainfall is more frequent and intense (Figs 2, 3) . Furthermore, in especially rainy years the influence of biotic factors may be very important, because the insect Neuropterus triggers the development of galls on catkins, which dries up the catkins and thereby impedes the formation of pollen grains (Jato et al., 2002) . This affects those trees that had flowered before in particular. The insects produces lenticular galls in autumn. A generation of asexual Neuropterus emerges from these galls and in the following spring lay eggs in buds. This causes spherical galls (that look like raspberries) to grow in both young leaves and catkins. In a short time new males and females (sexual generation) will emerge and provoke lenticular galls (Jato et al., 2002) . Phenological studies conducted in the same area reveal a decrease of Quercus robur catkin production during 2002, when many lenticular galls were detected following especially abundant rainfall. An average 164 089 catkins per tree was counted, which is half the number that develops in a normal year (Illán, 2003) . Finally, several winter/springflowering taxa such as Quercus experience biennial concentration rhythms due to an alternation in the mobilization of nutrient reserves towards the tree's vegetative growth or towards the reproductive structures (Andersen, 1980; Garcia-Mozo et al., 1999; Rodríguez-Rajo, 2000; Jato et al., 2002) . This biennial pattern is emphasized in other areas of north-west Spain (Rodríguez-Rajo, 2000) . Figure 5B shows the trend of total pollen concentrations throughout the years under study, reflecting a decrease in the total number of Quercus pollen grains in Santiago of 33 pollen grains per year, while the trend is positive in the case of Ourense. For the latter the high quantity of total pollen during 2002, when more than 5000 pollen grains were counted owing to high temperatures (with a mean temperature 4 ∞C higher than that of other years) and the absence of precipitation during flowering and the moments prior to such, seems to disguise this negative trend.
In relation to the concentrations attained throughout the day, Quercus pollen displays a stable behaviour pattern with a maximum peak at 15-16.00 hours (Fig. 4) . In the case of Ourense, this trend is maintained but the concentration curves have a less regular outline. The existence of a large number of Quercus species in this city and the fact that meteorological conditions can favour the flowering of different species each year, may explain this irregular behaviour. The global behaviour pattern is very similar to the one described for nearby cities such as Vigo (Rodríguez-Rajo, 2000) , which is also observed in northern Europe (Corden & Millington, 1999) , with a Quercus pollen peak at 15.00 hours. Studies carried out in southern Spain reveal a maximum in the late evening, and even during the night and early morning, occasionally influenced by long-distance transport (Recio et al., 1999) .
The meteorological parameters that showed the highest correlation coefficient with atmosphere pollen concentration were maximum temperature and daily thermal oscillation. Studies carried out by GarciaMozo et al., 2002) show that, in Spain, temperature is the variable that influences Quercus pollen concentrations the most in the Euro-Siberian region, while the same is true of rainfall and maximum temperature in the Mediterranean region. This trend remains stable when considering the study years separately, apart from 1999 in relation to maximum temperature, owing to low temperatures during the pollen season that year (mean temperature 2 ∞C lower than in other years). The negative influence of rainfall on airborne pollen dispersion is a global finding in aeropalynological studies. This is explained on the basis of sedimentation of pollen grains and the corresponding increase in relative humidity (Tormo et al., 2001) , both apparent in the present study. Wind also highly influences Quercus pollen dispersion. The negative correlation with wind speed and positive one with calm may indicate that the captured pollen is from sources of pollen in the immediate vicinity of the sampling sites. Transport and dilution is caused by air movement, so that the wind dilutes and carries off the pollen that would otherwise accumulate in the zone (Tormo et al., 2001) . In this way, the values of atmospheric pollen increase when the wind is from the N-NE, where there are important expanses of this tree.
These results reveal the effect of temperature on Quercus pollination. Therefore, temperature was used in both localities to establish models for both the onset of the pollen season and the pollen concentrations that may be attained during it. Numerous authors have highlighted this parameter's influence on pollination (Richardson et al., 1974; Jato et al., 2000 Jato et al., , 2002 Rodríguez-Rajo et al., 2000b; Garcia-Mozo et al., 2002) . The standard variation coefficients of the chill- B ing requirements were low (2.8% in Santiago and 3.9% in Ourense), using a threshold temperature of 5.5 ∞C and 6.5 ∞C, respectively. Previous papers by Jato et al. (2002) point to similar values for the same area.
In relation to heat requirements, different methods were considered; in Santiago the lowest standard deviation coefficients were obtained with maximum temperature and in Ourense with maximum temperature decreased by a threshold of 8 ∞C. These are the models we propose for both cities in order to predict the onset of flowering. Garcia-Mozo et al., 2002) point to a base temperature of 5 ∞C as the most appropriate for calculating heat requirements in Santiago and northern Spain in general. Studies carried out by Rodríguez-Rajo et al. (2000b) determined this base temperature as the most appropriate for the northern Spanish city of Vigo, although 5.5 ∞C was determined for Ourense (Jato et al., 2002) . Studies carried out in southern Spain reveal good results for Quercus using base temperatures of 8-11 ∞C in that climatic area (GarciaMozo et al., 2002) .
VERIFICATION OF MODELS
We used the 2002 data, which were not taken into account when establishing the aforementioned models, in order to determine their real validity. According to the models, once the chilling requirements have been attained, 586 heat units are needed for pollination in Ourense and 953 in Santiago. However, pollination was produced in 2002 with 518 and 1381 units, respectively. Therefore, there are variations in the pollen season start dates compared with the real values, namely only four days in the case of Ourense. According to the Scheffé's test (Table 4A) , 2002 is different from the other years under study in relation to pollen concentrations and temperatures from November, which may be one of the causes explaining such delays. Several authors have pointed out that the shorter the period in which the chilling is accumulated, the longer the required period of high temperatures (Richardson et al., 1974; Aron, 1983; Myking, 1997) . This has also been highlighted in studies carried out in a locality near the study area (Rodríguez-Rajo et al., 2000b) . In this regard, the chilling accumulation period was shorter in 2002, finishing on 26 December. A greater number of heat units were therefore required in order to trigger flowering, thereby justifying the variations of the proposed models. However, concentrations greater than 10 grains m -3 were recorded on the days estimated as the onset of the pollen season.
The equations proposed for predicting pollen concentrations, taking into account meteorological parameters, explain a similar percentage of data variability in both cases (45% in Ourense and 41% in Santiago). Models based on linear regression, used to predict daily mean pollen concentrations in nearby cities (Rodríguez-Rajo, 2000) or in southern Spain (Alba, 1997) , explain a similar percentage (between 35 and 44% of pollen variation) using only temperature as the prediction parameter. Clot (1998) , in order to predict pollen concentrations in Switzerland, presents a line that incorporates precipitation in addition to temperature. We tried to improve the prediction of these lines by including the previous day's pollen concentration therein. In this case we managed to significantly improve the percentage of variability explained to 74-81%, and the curves follow the variations in the daily mean concentrations (Fig. 6) .
CONCLUSIONS
Quercus has anemophilous pollination and in northwest Spain its pollen is present in the atmosphere during the spring months. During the study years, there is a slight trend in the advance of the onset of the Quercus pollen season. Throughout the day, the highest values are recorded at 13-18.00 hours.
Pollination ecology of Quercus is influenced by meteorological, biotic (the insect Neuropterus triggers the development of gall on catkins) and genetic (as biennial pollen production rhythms were detected) factors. Temperature is the meteorological parameter that most influences the levels of Quercus pollen in the atmosphere. It was therefore chosen to understood pollen production and dispersion behaviour and therefore establish models predicting both the onset of the pollen season and the atmospheric pollen concentrations. In the first case, the estimated date according to the proposed models was a few days early (4) in relation to the real start date in 2002. The models for predicting the daily mean concentrations of Quercus pollen, using only meteorological variables as prediction variables, produce results with a low prediction level. This indicates that such variables do not, on their own, explain its behaviour and that other variables that better reflect the series of factors affecting the plant, and on which its pollen production and release depends, should be taken into account. In this regard, the autoregression with the previous days' pollen concentrations reflects this series of factors and therefore substantially improves the models' predictive capacity when included. 
